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Exchange bias effects in CoO/Co bilayers fabricated by ion-assisted deposition were studied as a function of CoO thickness. During the
deposition of the top CoO layer, pillar-like CoO structures were embedded in the underlying Co layer due to implantation of oxygen ions. The
enhanced coercivity was attributed to the changes in the magnetic reversal mechanism in the ferromagnetic Co layer due to the penetration of
pillar-like structures of antiferromagnetic CoO. At low temperature, we found a strong exchange bias field. Our measurements indicate that the
exchange bias effect can exist in a nanocomposite system that has a disordered mixture of columnar and planar Co/CoO interfaces.
# 2012 The Japan Society of Applied Physics

1. Introduction

Within the models of magnetic exchange bias for an
idealized ferromagnet/antiferromagnetic thin ﬁlm, the hysteresis shift should be identical regardless of whether the
ferromagnet is deposited on-top of the antiferromagnet or
vice versa.1,2) However, for thin ﬁlm systems fabricated
using sputtering deposition techniques, the exchange bias is
often diﬀerent for the two cases3,4) because imperfections in
the ﬁlm microstructure, such as interface morphology, can
depend closely on the growth sequence. In past work, when
we studied the exchange bias eﬀects in antiferromagnetic/
ferromagnetic (AFM/FM) bilayers [such as in NiFe/CoO,5)
NiCo/(Ni,Co)O6)] we deposited the ferromagnet on-top of
the underlying antiferromagnetic oxide using ion-assisted
deposition. However, in this study we investigate the oxygen
ion-beam assisted growth of antiferromagnetic CoO layers
on-top of a ferromagnetic cobalt layer to explore the impact
of the oxygen-bombardment on the underlying FM ﬁlm. It is
found that during the fabrication of the top CoO layer, pillarlike CoO structures were formed near the interface due to the
penetration of oxygen into the bottom Co layer. We studied
this eﬀect as a function of the CoO ﬁlm layer thickness. We
ﬁnd that these pillar-like CoO structures at the interface
between the Co and the CoO layers strongly aﬀect the
magnetic reversal process in these ﬁlms.
2. Experimental Methods

A dual ion-beam deposition technique5,6) was used to prepare
the CoO/Co bilayers on SiO2 substrates. A series of samples
was deposited where the underlying Co layer thickness was
kept constant at 65 nm, while the upper CoO layer was varied
from 20 to 170 nm. A Kaufman ion source (800 V, 7.5 mA)
was used to focus an argon ion-beam onto a commercial Co
target surface while the End–Hall source (VEH ¼ 100 V,
500 mA) was used to in-situ bombard the growing ﬁlm during
CoO layer deposition with a mixture of 15% O2 /Ar. No
external magnetic ﬁeld was applied during deposition. A
JEOL [JEM-2010] transmission electron microscope (TEM)
operating at 200 kV was used for the microstructural analysis.
Magnetic measurements were performed in a commercial
vibrating sample magnetometer (DMS VSM). Field-cooling
was performed by initially applying a +10 kOe ﬁeld at 350 K


E-mail address: kwlin@dragon.nchu.edu.tw

to saturate the sample, before applying either 1000 Oe ﬁeld
while cooling to 200 K. In these measurements, the exchange
bias ﬁeld, Hex , was deﬁned as the shift of the hysteresis
loop along the ﬁeld axis with respect to zero, Hex ¼ ðHc1 þ
Hc2 Þ=2, where Hc1 and Hc2 are the negative and positive ﬁeld
coercivity, respectively.
3. Results

Figure 1 shows the structures of the CoO/Co bilayers
characterized by TEM. The bottom Co and top CoO layer
 c  4:26 A)
 and rock-salt
consist of hcp. Co (a  2:53 A,

CoO (a ¼ 4:25 A), respectively. The grain sizes range from
5 to 15 nm, as shown in Figs. 1(a) and 1(b). The CoO lattice
constant does not show any dependency on the overall CoO
layer thickness (20–170 nm), and all ﬁlms exhibit the same
lattice constant determined from the electron diﬀraction
patterns, shown in the inset of Fig. 1(c). This result shows
that the oxygen stoichiometry and ﬁlm strain for the CoO
layer was essentially constant for the entire series. The
morphology of CoO (50 nm)/Co (65 nm)/SiO2 bilayer is
shown by the cross-sectional TEM image in Fig. 1(d). The
high-resolution TEM clearly shows that the interface
between the Co and the CoO layer is diﬀuse, with a high
degree of intermixing. A fraction of the CoO phase
penetrates deep into the Co layer in the form of pillar-like
structures. The diﬀusion depth of the oxygen atoms is
estimated to be about half of the nominal Co layer thickness
(30–35 nm). The presence of an oxygen gradient within
the cobalt layer was qualitatively conﬁrmed using energy
dispersive X-ray (EDX) mapping. At the ion-energies used
(0.13 keV), the penetration of oxygen ions into the under according to Monte Carlo
lying layer should only be 4–7 A
simulations using the TRIM software package for oxygen
implantation into cobalt with mass density 8.8 g/cm.7) Thus,
it is most likely that the pillar-like CoO structures are formed
via subsequent grain-boundary diﬀusion of oxygen that was
initially implanted in the near-surface region. From previous
studies, it is expected that such irregular columnar structures
of CoO will act as domain-pinning defects to alter the usual
magnetic properties in these CoO/Co bilayers, as well as
changing the dipolar interactions between cobalt-rich
columns,8) modulating the local Néel temperature9) or
introducing disordered crystal ﬁelds.10)
Figure 2(a) shows the room temperature hysteresis loops
of CoO/Co (65 nm)/SiO2 bilayers with diﬀerent CoO
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Fig. 1. The planar-view TEM micrographs of (a) the top Co layer (65 nm), (b) the bottom CoO layer (50 nm), and (c) CoO layer (120 nm). The electron
diﬀraction patterns are shown in the inset of each ﬁgure. (d) The cross-sectional TEM micrograph illustrating the ion-beam bombardment eﬀect (pillar-like
CoO structures penetrating and embedded in the Co layer) on the tCoO ¼ 50 nm sample.

(a)

(b)

Fig. 2. (Color online) (a) The room temperature hysteresis loops of CoO/Co bilayers with diﬀerent CoO layer thicknesses (t ¼ 20 to 170 nm). The inset at
top left shows the hysteresis loop of the reference single Co layer while the inset at bottom right shows the saturation magnetization of the Co layer with
reduced Ms relative to the starting 65 nm Co volume owing to ion-beam bombardment eﬀects. (b) The hysteresis loops of CoO (t ¼ 20{170 nm)/Co bilayers
measured at 200 K under ﬁeld-cooling of +1000 Oe from 300 to 200 K.

thicknesses (20–170 nm). An enhanced coercivity (150 Oe)
was found in all of the bilayers compared to a reference pure
Co layer [inset of Fig. 2(a), Hc  8 Oe]. In addition to this,
the average maximum magnetization of the bilayer ﬁlm was
reduced to approximately 455 emu/cm3 for the 115-nm-thick
ﬁlm. If the volume of metallic cobalt in the original 65 nm
region were preserved in a ferromagnetic, metallic state
throughout deposition, one would expect a magnetization
value of 730 emu/cm3 for the 115-nm-thick ﬁlm. This is
calculated by assuming that the volume fraction of cobalt
versus cobalt oxide would be (65 nm/50 nm), and using
the bulk cobalt magnetic saturation values of 1300

emu/cm3 , and 0 emu/cm3 for the FM Co and AFM CoO,
respectively.11) Therefore the reduction in overall magnetization suggests that volume of magnetic cobalt was reduced
by 46% from the nominal volume, which agrees adequately
with the TEM result that shows the ﬁrst 30 nm of the
original 65 nm contain a mixture of pillar-like structures
which are predominantly CoO interspaced with smaller
regions of metallic cobalt, reducing the overall cobalt
metal volume fraction. Both the coercivity enhancement
and lower magnetic saturation in the ﬁlm series are attributed
to the penetration of oxygen into the cobalt, and the
formation of pillar-like CoO structures embedded within
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the Co layer. The penetrating CoO regions are antiferromagnetic, and lower the average magnetization whilst also
altering the magnetic reversal process of the neighboring
cobalt by acting as defect sites and changing the magnetostatic energy landscape.9,12) To ﬁrst approximation, the
average magnetic saturation per nominal 65-nm-thick Co
volume is constant (800 emu/cm3 ) for all the ﬁlms with
diﬀerent CoO layer-thicknesses as shown in the inset of
Fig. 2(a). This result can be explained if the assumption is
made that signiﬁcant oxygen implantation into the Co only
occurred during the growth of the ﬁrst few monolayers of the
CoO and stopped once the growing CoO exceeded a critical
thickness, so that oxidization of the underlying cobalt layer
was nearly equal in all cases, regardless of the ﬁnal CoO
thickness. The Néel temperature of CoO (290 K in the
bulk)13) is below room temperature (298 K) and for this
reason, no exchange bias is measured in the room temperature loops. Nonetheless it is possible that the coercivity
enhancement observed at room temperature is the direct
result of FM/AFM coupling, even though no exchange bias
is observed, since this may be possible if the interfacial CoO
moments have a locally enhanced TN as proposed for NiFe/
CoO8) but are unstable against superparamagnetic activation.
It is also possible that the coercivity enhancement originates
from a distinct mechanism associated with altered shapeanisotropy from the dipolar interactions between ferromagnetic columns.9,12) In either case, the unusual pillar-microstructure is seen to play a crucial role.
Upon ﬁeld-cooling the CoO/Co bilayers in a positive ﬁeld
(HFC ¼ þ1000 Oe) from 350 to 200 K (after ﬁrst saturating
the ﬁlm in 10 kOe at 350 K), a clear exchange bias eﬀect
appears, accompanied by a pronounced asymmetry in the
loop shape, as shown in Fig. 2(b). This indicates that
exchange coupling between the Co FM and CoO AFM
spin structures enables a loop-shift, despite the diﬀuse
interface and unusual ﬁlm morphology. Note that all of
the magnetometry diagrams compare the loops of the ﬁrst
magnetic reversal for all samples in the untrained magnetic
state.
To further understand the role of the CoO layer thickness
on the magnetic exchange coupling, diﬀerent CoO thicknesses were studied. The dependence of the coercivity and
the magnitude of exchange bias ﬁeld (jHex j) on the top CoO
layer thicknesses is presented in Fig. 3 for the cases where
the ﬁlm was cooled in either a +1000 or a 1000 Oe to
200 K. All of the CoO/Co bilayers show a 10-fold increase
in coercivity, Hc  1500 Oe at low temperature that does not
depend strongly on the top CoO layer thickness, or the
polarity of the cooling ﬁeld. This enhancement suggests that
the transition to an ordered antiferromagnetic state within
the CoO regions aﬀects the magnetic properties of the
surrounding cobalt through the coupling of the two diﬀerent
magnetic species. The independence of the coercivity from
CoO thickness at both temperatures suggests that the
columnar interface region, rather than the bulk overlying
CoO region, largely determines the exchange coupling of the
thin ﬁlm bilayers, since if this were not the case, one would
expect a measurable dependence of Hc and Hex on the
overlying CoO thickness. Figure 3(b) depicts the variation in
strength of the exchange bias ﬁeld for the diﬀerent CoO
layer thickness.

(a)

(b)

Fig. 3. (Color online) The CoO thickness dependence of (a) coercivity

and (b) magnitude of exchange bias ﬁeld in CoO/Co bilayers at 298 and
200 K after ﬁeld cooling in 1000 Oe.

The presence of a strong exchange bias ﬁeld, despite the
highly diﬀuse, rough and disordered Co/CoO interface is
noteworthy, since many models of exchange bias usually
consider a planar interface with only a few monolayers of
interfacial roughness.2,13) In fact, the magnitude of the
coercivity enhancement and exchange bias in the disordered
nanocomposite Co/CoO at 200 K appears to be higher than
that reported for epitaxial thin ﬁlms with similar blocking
and measurement temperatures and nearly perfect interfaces.14) This striking result suggests that pillar-like
antiferromagnetic in-growths into the ferromagnet, along
with an mixed array of disordered interfaces, can in-fact
enhance the measured exchange bias eﬀect, in qualitative
agreement with the anomalously large natural exchange bias
observed in Fe2 O3 /FeTiO3 ores with a mixed microstructure.15) Figure 3(b) illustrates that the two diﬀerent ﬁeldcooling conﬁgurations gave nearly equal exchange bias
magnitudes. This is typical exchange bias behavior, and
suggests that, despite the unusual ﬁlm morphology, the
1000 Oe cooling-ﬁeld was suﬃcient to eradicate any
magnetic memory eﬀects and enforce a well-deﬁned inplane magnetization direction during cooling.
It is known that the degree of the exchange interaction
between FM and AFM layers can be estimated using the
interfacial energy (Eint ¼ Hex Ms tFM erg/cm2 ).16) To compare the relative strength of exchange bias eﬀects of CoO/
Co bilayers for diﬀerent AF thicknesses, the interfacial
energy is calculated for the ﬁlms series. Figure 4 presents
this calculation using the ferromagnetic thicknesses estimated from the TEM cross sections and corresponding Co
magnetization (Ms ) estimated from the magnetometry. The
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Fig. 4. The interfacial energy (Eint ) as a function of CoO thicknesses in
CoO/Co bilayers at 200 K after ﬁeld cooling in +1000 Oe from 350 K.

the appearance of a mixture of columnar and planar
interfaces in our samples, the strong exchange bias ﬁeld
was largely independent from the top CoO layer thicknesses.
This implies that the interfacial region dominates the
magnetic properties for the thickness regime studied.
Collectively these results show the importance of carefully
characterizing the microstructure and magnetic properties of
an exchange-biased system to correctly understand the eﬀect
of deposition sequence on the resulting bilayer. Despite the
inherent disorder of the Co/CoO interface, this work also
shows that the deliberate formation of nanocomposite oxide
regions within the Co layer can have certain technological
advantages since both enhanced room-temperature coercivity and low-temperature exchange bias coexist.
Acknowledgments

interfacial energy product Eint for the mixed-interface ﬁlm
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which is signiﬁcantly higher compared with the interfacial
energy for conventional Co/CoO bilayers that lie in the
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